The Big Bang Cosmology:
Lecture #4
Big Bang Nucleosynthesis
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Neutrino freeze-out

Neutrino freeze-out
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Neutron decoupling temperature

Neutron decoupling

typical energy scales

T 2> Am=13MeV,
neutron interaction rate
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Neutron decoupling temperature

Neutron density after decoupling
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Thermodynamical approach

p+n— D+vy Saha equation
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Thermodynamical approach

Temperature of BBN Tys: Xp~1

25T ) 2D,

Xp = XF X227 Agpa A% 2/t ( = eT
p

Ap =2.23 MeV

2.5TN5>3/2e ap

XD(TNS) ~ Ms ( - ™Ns ~1— TNS ~ 65 keV
p

1 M
tns = — Pl _ 265 s~ 4.5 minutes.
NS 2H(Ths) — 2T2
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Thermodynamical approach

Helium density (chemical equilibrium)
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Thermodynamical approach

Light element densities (chemical equilibrium)

3/293Z—3A-1 ap-n, (r-2)2 Bp/(A-2)-Bgy/2
Xp = {nB. (2::’-'—) } o AT 7.4(A12-32) g(A-Z) AR B
p

Z | Nucleus Ap AA/A AA/(A—Z) Xa

1|2H=D | 223 | 111 2.23 1079

SH=T | 848 | 2.83 4.24 10118

2 3He 7.72 | 257 7.72 10751
“He=o | 28.30 | 7.75 14.15 1

3 6Li 31.99 | 5.33 10.66 1078

Li 39.24 | 5.61 9.81 10-116

Be 37.60 | 5.37 12.53 10—°°
5B 37.73 | 4.71 12.58 1069
12¢ 92.2 | 7.68 15.37 101°
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Thermodynamical approach

Helium abundance (NO chemical equilibrium)

Neutrons remain mostly in helium

1
Nape(Ths) = 5 (Tns) 5

neutron-to-proton ratio

Th ~ 886 S
M(Tns) 1 s 1
np(Tns) 5 7’
= Maye - r“‘He(TNS) 2
p 4He Mp (Np(Tns) +Nn(Tns)) %le %
n NS

from observations of relic helium abundance:
ANv,eff < 1
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Thermodynamical approach

Baryon density Qgh?
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Kinetic approach

Main nuclear reactions

@ p(n,y)D — deuterium production, BBN starts.
@ D(p,7)3He, D(D,n)3He, D(D,p)T, 3He(n, p)T — intermediate stage.
© T(D,n)*He, *He(D,p)*He — production of “He.

@ T(w,y)'Li, *He(ar, 7)"Be, "Be(n,p)’Li — production of the heaviest
baryonic relics.

© ’Li(p,®)*He — "Li burning.

One has to compare reaction rates to the expansion rate
H(Tns =70 keV) =4-.103 st
to obtain nonequilibrium concentrations
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Kinetic approach Deuterium production

Neutron burning p+n— D+vy
@T :TNSI65 keV

(6V)p(n.y)p ~ 6102

o Cm®
s

for the rate (neutron disappearence when meets proton)

C(‘?’)TS(

Mo(ny)p =Np - (OV)p(n,y)p = T8 -272 oV)p(nyp =0.31s7*

forng =6.15-10"% and T = Tys
So, neutrons disappear very rapidly

Moo > H(Tns) =4-103 s
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Kinetic approach Deuterium burning

Deuterium burning D(D,n)3He, D(D,p)T

Coloumb barier: tunneling To=T/(10° K) =T /(86 keV)

cm® o
(oV)pp =3- 10*15T T, 2/3 q—426TgH°

deuterium stops burning when T =Tns(Tg =0.75)

Mop =Np(T)-(oV)pp(T) ~H(T).

Then relic deuterium abundance is estimated as

Np 1 Np

— = : =0.3.10*

for ng =6.15-10"10
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Kinetic approach

Deuterium burning
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Kinetic approach Other elements

Production of 3He & 3H

cm® -
<GV>3He(D p)4He = 1071 — Ty H2em18Ts
’ S
@ T = t\s this rate exceeds the deuterium-burning rate
3He stops burning when @ some T = Tage < Tns

<GV>3He(D,p)4He' Np ~ H 5 T= T3He ) 0'6TNS

3He is produced via D+ D — 3He+ n and for the Hubble time
Nape ~ (OV) nd.- = T=T
3He D(D,n)3He"''D H’ SHe -

Nore , (OV)D@npHe Mok 0.9.10°5
Nb  (OV)spe(D p)He Mo

. . N9, -7
quite similar n—;fz 10
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Kinetic approach Other elements

Baryon density Qgh?
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Kinetic approach Other elements

Lithium in T(c,y)"Li & “Li(p, a)*He

cme 13
(OV)T(@pii ~ 10718? AP

tritium burning rate is smaller than H
<GV>T(a,y)7Li ‘Ng~1.5- 104st , Tg=0.75 J

m _
{OV)7Li(p.ayite ~ 10715% Ty 2285 -

lithium burning rate exceeds H
(OV)7i(payHe Mp~ 0.7, Tg=0.75, ng=6.15-10"" J

N (V)T (@ Na 5 105
Nt (OV)7Li(pa)He Np
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Observed abundances

Baryon density Qgh?
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